Abstract Cold storage of parasitoids to be used in biological control programs is desirable but risky for the performance of the stored parental generation as well as for its offspring. We studied the performance of cold stored and unstored parasitoids after release at different temperature regimes in the laboratory at the level of two subsequent generations in Hyssopus pallidus (Askew) (Hymenoptera: Eulophidae). This gregarious ectoparasitoid is a candidate biocontrol agent of Cydia pomonella L. (Lepidoptera: Tortricidae) and Cydia molesta (Busck) (Lepidoptera: Tortricidae) larvae, two fruit pests of high economic significance in apple cultivation. Cold storage for 14 days at 4°C imposed to the pupal stage of the parasitoid did not reduce the parasitism capacity of the parental generation, nor did it alter the female biased sex ratio of the progeny. Remarkably, this short-term storage of the parental generation exhibited a significant and consistently positive effect on offspring weight throughout all ambient temperature regimes, resulting in an increased offspring weight. Furthermore, offspring number was only reduced after release at low ambient temperatures, but not at 25°C and 30°C. Irrespective of whether the parasitoids originated from the stored or unstored group, highest parasitism rate was achieved at temperatures above 20°C. In conclusion, this candidate biocontrol agent can be cold stored for short periods without any measurable quality loss after release at most except at low ambient temperatures. Our findings suggest that H. pallidus is a thermophilous parasitoid that will perform best when applied at warm ambient temperatures in fruit orchards.
Introduction
The gregarious ectoparasitoid Hyssopus pallidus (Askew) (Hymenoptera: Eulophidae) is endemic to Europe (Askew 1964; Tschudi-Rein et al. 2004 ) and a candidate biocontrol agent of fruit moths of the genus Cydia in orchards (Mattiacci et al. 1999; Häckermann et al. 2007 ). This parasitoid is relatively specialized (Zaviezo and Mills 2000) , with the codling moth Cydia pomonella (L.) and the Oriental fruit moth C. molesta (Busck) being its only known hosts in Europe, as first (Askew 1964 ) and recent (Tschudi-Rein et al. 2004 ) field samplings document. Similar to other Eulophidae (Brown 1996) , this species has a rapid preimaginal development, a high lifetime fecundity and a female biased sex ratio (Zaviezo and Mills 1999; Tschudi-Rein and Dorn 2001; Häckermann et al. 2007 ), rendering it particularly suitable for mass production. Female parasitoids use plant as well as host derived cues to locate their host (Mattiacci et al. 2000) . Once they have found an apple infested by a Cydia caterpillar, they enter the fruit either through the gallery made by the caterpillar or through the calyx and parasitize the host in the center of the fruit (Mattiacci et al. 1999) .
In the past decades, many novel strategies, such as mating disruption (Judd and Gardiner 2005) , the sterile insect technique and microbial control (Falcon and Huber 1991; Bloem et al. 2006 ) have been developed to control Cydia species, but their success depends on low population pressure (e.g., Cardé and Minks 1995) . These strategies are not only environmentally friendly control methods that protect the environment and human health, but they are also harmless to beneficial insects. However, despite these new strategies, insecticides remain the principal method of control for these pests (Audemard et al. 1992; Ohlendorf 1999) . In apple cultivations, the codling moth is the most devastating pest (Barns 1991; Dorn et al. 1999) , while the oriental fruit moth gained importance as an additional pest in recent years. Originally known as a key pest of peach, this species has lately been appearing to an increasing degree as a pest insect in apple orchards in various countries (Rothschild and Vickers 1991; Pollini and Bariselli 1993; Hughes et al. 2004) . As a consequence, apple growers are confronted with the need to control both tortricid pests in their orchards, and therefore improved IPM (integrated pest management) strategies are required. Since H. pallidus successfully attacks both host species (Häcker-mann et al. 2007 ) and thus holds the potential to reduce their population pressure, it could become a useful component of IPM systems designed to keep both Cydia populations below the economic threshold level (Hein and Dorn 2008) .
Short-term storage of parasitoids that are to be used in biological control programs is highly desirable, but often difficult to implement. To better supply the market in times when demands are high, a certain storage period at a suitable stage would be highly useful. Despite the fact that storage of natural enemies at low temperature has widely been studied, its practical applications are limited for several reasons: (1) storage might lead to a high loss in emergence rates (Levie et al. 2005; Lopez and Botto 2005; Pandey and Johnson 2005) ; (2) parasitism rate can be reduced due to cold storage (Pitcher et al. 2002; Ozder 2004; Levie et al. 2005; Lopez and Botto 2005; Chong and Oetting 2006; Luczynski et al. 2007 ); or (3) other life history traits such as longevity and sex ratio might be changed (Uckan 2001; Torres et al. 2002; ), although such negative influences are not always observed (Leopold 1998) . The development of a suitable storage strategy should aim at maintaining natural characteristics of the beneficial insect throughout the storage process to guarantee a high quality biological control agent (van Lenteren and Tommasini 2003) . However, such cold storage conditions are still unknown for H. pallidus, which likely overwinters at the pupal stage (K. Tschudi-Rein, unpublished pilot study) that thus might be a suitable stage for storage considering the typical relationship between diapause and cold hardiness (Denlinger 1991) .
Furthermore, the choice of suitable release temperatures can have a strong impact on parasitoid performance in the field (Godfray 1994 ). Despite the interest in H. pallidus for the control of Cydia pests in orchards (Hein and Dorn 2008) , no information on optimal temperature conditions for its parasitism and fitness is available so far.
Our objective was to investigate the performance of cold stored and unstored parasitoids under different ambient temperature regimes. Specifically, we assessed (1) the influence of a short cold storage period on biological and behavioural characteristics, in particular the parasitism rate and the reproductive capacity of this species, (2) two key quality traits of the offspring, namely the pupal weight and the sex ratio, and (3) the effects of ambient temperature on parasitoid performance. This research should help to judge the potential to store this candidate biocontrol agent for short periods without quality loss, and to define the optimal ambient temperature conditions for successful field application in fruit orchards.
Materials and methods

Insect culture
The initial colony of Hyssopus pallidus originating from France was provided in 1996 by T. Unruh (USDA-ARS Research Laboratory, Wapato Washington, USA) (Tschudi-Rein and Dorn 2001), and genetically supplemented by the introduction of field-collected adult wasps from Switzerland. The host species C. pomonella was reared on wheat-germ-based artificial diet (Huber et al. 1972 ) complemented with sterile beech wood chips (6 mm). Adult moths were kept in wax paper lined containers for one day for ovipositon. Eggs were thereafter kept at 25°C for optimal embryonic development. Shortly before the hatching of the first instar larvae, the egg sheets were placed with the eggs facing the artificial medium. Upon eclosion, egg sheets were removed and boxes were closed and kept at 25 ± 2°C, 60 ± 10% RH and 16L:8D until all larvae had reached the last larval stage. Corrugated cardboard was added to the box to facilitate pupation.
Several 5th instar larval hosts at a time were offered to four to seven days old mated female parasitoids at a ratio of one parasitoid per host in a square plastic box (10 cm 9 10 cm 9 8 cm), which had two meshed net covered holes to ensure for sufficient ventilation. Since plant cues offered during ontogenesis of the parasitoid are of crucial importance for the behavioral quality of the emerged wasps (Gandolfi et al. 2003b ) small pieces of fresh apple (Gandolfi et al. 2003a) were added. A droplet of undiluted honey served as food source for the female parasitoids. The wasps were removed from the box one week later. Parasitized larvae were kept under standardized laboratory conditions at a temperature of 24 ± 2°C, RH of 60 ± 10% and a regime of 16L:8D until the emergence of the parasitoid progeny 14-17 days later. Upon emergence, progeny was removed from the box and transferred to a Plexiglas cage (25 cm 9 25 cm 9 25 cm), and fed with honey and water. C. molesta, that were used in the experiments, were reared in the same way as described above for C. pomonella. Irrespective of the host the parasitoid had developed on, the performance of emerged adults and their offspring was similar, rendering either host species suitable for rearing (Häckermann et al. 2007 ).
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Effect of storage regime and ambient temperature on parasitism success, offspring number and fitness
This experiment simultaneously tested the effects and interactions of storage and four different ambient temperature regimes on the parasitism behavior and the parasitism success of female H. pallidus wasps. To evaluate the influence of short-term cold storage on the success of the parasitoid, two groups of females were tested: (1) an unstored control group of females, kept in the rearing climate chamber of 25 ± 2°C, 60 ± 10% RH and 16L:8D and (2) a cold stored group of females that had been reared exactly as the control group, except that it was transferred at the pupal stage to a standard cold room of 4 ± 2°C, 80 ± 5% RH, 0L:24D, stored there for 2 weeks, and then brought back to the rearing chamber at 25 ± 2°C for emergence. Cool room temperature of 4°C, i.e., slightly above the freezing point, is common in many laboratories and biocontrol companies (J. Häc-kermann pers. obs.), and a 2 weeks storage period is considered to reflect the typical period for phenological delays often observed in the apple crop in spring. Individuals from both groups were weighed as mature pupae, in the case of the cold stored group immediately before storage, using a precision balance (Mettler MT 5 Delta range; 2 ± lg). To ensure that they were weighted at the same age, weighting was carried out at the black pupal stage that immediately (\1 day, J. Häckermann pers.obs.) precedes adult emergence. After emergence, parasitoids from both groups were kept in the rearing chamber at 25 ± 2°C, 60 ± 10% RH and 16L:8D and fed with undiluted honey and water for 4-7 days prior exposure to different ambient temperature regimes. All females used in the experiment had developed on C. pomonella hosts and were standardized by size (0.52-0.56 mg in pupal weight) for the experiment to ensure a minimal size range. For assessment of ambient temperature on parasitism efficiency, a cohort of 10 individuals was set-up for each of the two storage treatments and for four ambient temperature regimes (15, 20, 25 or 30 ± 2°C all at a RH of 70 ± 5% and 16L:8D), resulting in a total of eight cohorts with 10 individuals respectively per replication. A total of 10 replicates per storage 9 temperature combination were tested. In the experimental setup, one standardized last instar (16-25 mg) C. molesta larva was placed into a plastic Petri dish (diameter 5.5 cm, height 1.3 cm) together with a female wasp of either of the storage treatments. A droplet of honey served as food source.
Parasitism success was assessed 24, 72 and 120 h after the onset of the experiment. Parasitoids were considered successful if eggs were deposited on the paralyzed host body. The presence of eggs was determined by examining the host's body through a stereomicroscope without touching the developing brood. Where eggs were present, insects were kept at 25 ± 1°C and RH 65 ± 5% until completion of offspring development. The remaining test individuals of the cohort were taken back to the climate chamber with the respective temperature regime and checked again 72 and 120 h after the onset of the experiment.
Upon successful larval development of the parasitoid offspring, the number of progeny surviving to adulthood was estimated by counting the number of pupae that had successfully developed under the different temperature regimes. Furthermore the number of males per clutch was counted. To determine the influence of storage type of the parental generation and temperature regime during oviposition on the fitness of the F1 generation, all pupae that had developed on one host were weighed. The wasp's size is directly correlated with fitness resulting in larger females being fitter than smaller ones (Godfray 1994) . For the subsequent analysis, the average offspring size was calculated for each clutch, and used as basis for all further analyses.
Statistical analysis
Percentage of parasitism after 24, 72 and 120 h was arcsine square root transformed and analyzed in a two way ANOVA with storage regime, temperature and their interaction as independent variables. Bonferroni's post hoc multiple comparison tests were used when treatments were significantly different. To evaluate the influence of temperature on the number of offspring produced per host larva, Kruskal-Wallis tests were performed. Differences within each temperature and between the cold stored and the unstored group was evaluated using a Mann-Whitney U-test.
To evaluate the influence of storage regime and temperature on the fitness of the F1 generation, offspring weight per clutch was determined. The data were square root transformed to approach normality and homogeneity of variance. An ANOVA procedure was used to determine whether cold storage of the F0 generation and the different temperatures during oviposition had an influence on offspring fitness.
Results
Effect of storage regime and ambient temperature on parasitism success
Cold storage of the parental generation at the pupal stage did not have any negative influence on the performance of the adult wasps (Table 1) . However, increasing ambient temperature during oviposition significantly increased the parasitism success of H. pallidus. Cumulative parasitism rate within each temperature range was compared after 24, 72 and 120 h of exposure (see Fig. 1 ). At an ambient temperatures of 15°C, an exposure period of 24 h resulted in a parasitism rate of 22 ± 21% (mean ± SD) in the cold stored group and 26 ± 25% in the unstored group. Longer exposure resulted in an increased parasitism rate in both groups with a maximum reached after 120 h (cold stored 41 ± 21%, untreated 57 ± 21%). Larvae that were not parasitized after 120 hours had either pupated or died without any eggs present on the host's body and were not considered in the analysis.
At an ambient temperature of 20°C, 24 h of exposure resulted in a significantly higher parasitism rate than at 15°C (Bonferroni, P \ 0.001), resulting in 63 ± 15% in the cold stored and 63 ± 21% in the unstored group. Seventy-two hours of exposure time yielded significantly higher parasitism rates than at 15°C in both groups (cold stored 85 ± 9%, untreated 81 ± 10%) (Bonferroni, P \ 0.001). A further prolongation of the exposure time up to 120 h increased the parasitism rate by only 2% (cold stored 93 ± 8%, untreated 86 ± 11%).
At an ambient temperature of 25°C, 24 h of exposure resulted in a significantly higher parasitism rate than at 15 and 20°C in both the cold stored (76 ± 15%) and the unstored group (72 ± 21%). After 72 h exposure, most hosts had been parasitized (cold stored 90 ± 9%, untreated 87 ± 11%) but with longer exposure, parasitism rate was no longer significantly higher than at 20°C. One hundred and twenty hours of exposure again resulted in the highest parasitism rate (cold stored 91 ± 10%, untreated 89 ± 11%).
At a high ambient temperature of 30°C, 24 h of exposure led to a high parasitism rate in the cold stored (84 ± 12%) as well as in the unstored group (83 ± 21%). By 72 h of exposure most hosts were parasitized (cold stored 91 ± 9%, untreated 90 ± 12%), although this result was not significantly different than at 25°C (Fig. 1) . A further increased exposure time (120 h) did not result in an increase in parasitism (cold stored 91 ± 9%, untreated 91 ± 11%).
Effect of storage regime and ambient temperature on offspring number, fitness and sex ratio At low ambient temperatures, i.e. at 15°C (z = -2.4, P = 0.068) and at 20°C (z = -3.2, P = 0.004) cold storage resulted in a lower number of progeny produced per female. At more elevated ambient temperatures (25°C, z = -0.66, P [ 0.5; 30°C, z = -1.36, P [ 0.1), the number of offspring was similar, irrespective of whether the parental generation had been cold stored or not (Fig. 2) .
In the cold stored group, a positive effect of increasing ambient temperature on offspring number could be observed (v 2 = 19.09, df = 3, P \ 0.001). Significantly more offspring were produced at 25°C (z = -3.8, P \ 0.001) and 30°C (12.9 ± 5.9) (z = -2.6, P \ 0.036) than at 15°C (10.3 ± 5.2). Equally, at 25°C an average of 14.1 ± 5.8 pupae Fig. 1 Mean percentage of parasitism of H. pallidus in two groups: half of the parasitoids had been stored at 4°C for 14 days at the pupal stage, the other half had not been stored (unstored control group). Parasitism was assessed at different temperatures (15, 20, 25 and 30°C) and different hours (24, 72 and 120 h) of adult exposure to C. molesta hosts. N = 10 for each treatment at every temperature. The column height indicates the cumulative parasitism rate after 24, 72 and 120 h of exposure. White column parts indicate the parasitism rate from 0 to 24 h, gray column parts the increase in parasitism between 25 and 72 h and black column parts the increase in parasitism rate between 73 and 120 h of exposure. Letters indicate differences within each storage group. Bonferroni's post hoc test were produced per clutch, which was significantly more than at 20°C (11.1 ± 6.6) (Fig. 2) . In the group that had never been cold stored, temperature during oviposition did not affect the number of offspring that were produced per host larva (Fig. 2) .
Significantly (F = 10.06, df = 1, O = 0.01) larger pupae were produced when the parental generation had been stored as pupae at 4°C for 14 days (on average 0.36 mg ± 0.07) than if they had never experienced a cold period (on average 0.32 mg ± 0.07) (Fig. 3) . By contrast, neither temperature during the time of oviposition (F = 0.68, df = 3, P [ 0.5) nor the experimental unity (F = 0.306, df = 9, P [ 0.95) had any influence on the size of the F1 generation.
Neither the storage type (v 2 = 0.35, df = 1, P = 0.71) nor the temperature during oviposition (v 2 = 2.21, df = 3, P = 0.53) had an effect on the number of males produced per clutch. On average, 1.04 ± 0.5 males were produced on each host larva in the cold stored group, whereas an average of 1.11 ± 0.54 males emerged from the control group (Table 2) .
Discussion
The performance of cold stored and unstored H. pallidus parasitoids was elucidated after release under different temperature regimes. Our results provide empirical evidence that this candidate biocontrol agent of the codling moth and the Oriental fruit moth can be stored for 2 weeks at 4°C without any detrimental effect on the parasitism capacity. At all ambient temperatures tested, parasitoids that had been cold stored during their pupal stage showed the same performance in parasitizing host larvae as the control group that had never experienced a period of low temperature. This result indicates that the pupal stage of this parasitoid is well suitable for short-term storage in this species. Whether longer storage results in a loss in quality as shown for different parasitoid species (Rundel et al. 2004 ) is Mean number ± SE of offspring produced per host larva by females ovipositing at different ambient temperatures (15, 20, 25 and 30°C) . The cold stored group had been exposed to low temperatures (4°C) for 14 days, the unstored group had constantly been kept at 25°C. Letters indicate differences within each storage group. Kruskal-Wallis test yet unknown. Typically, storage only lasts for a restricted number of weeks, but even then a reduction in fitness is the rule (Posthuma-Doodeman et al. 1996) . For example, fecundity can strongly be negatively affected by cold storage (Bayram et al. 2005; Pandey and Johnson 2005) . Remarkably, parasitism rate of female H. pallidus was not altered by a two weeks cold storage period at the pupal stage. Hyssopus pallidus was found to produce the same number of offspring per clutch at all temperature ranges if the parental generation had not been exposed to low temperatures during its immature phase. However, if the parasitoid had been stored at 4°C for 14 days, wasps produced the largest clutches at higher temperatures, with the least number of offspring per host larva being laid at 15°C. Although cold storage might have a negative effect on the number of offspring at low temperatures, this effect disappears if ambient temperatures during oviposition are above 20°C. Hence, the reproductive capacity in thišˇˇˇˇˇ1 ig. 3 Offspring weight per clutch of females that had been stored at 4°C for 14 days (black) and females that were never exposed to low temperatures (unstored control) (white). Temperature ranges on the x-axis indicate the mean ambient temperature present during oviposition. N = 100 for each treatment/temperature combination Table 2 Mean number of male offspring per clutch (mean ± SD) for the two groups: in the cold stored group, the parental generation had been stored at 4°C for 14 days, whereas the unstored group had never experienced a period of low temperatures Further evaluations focused on the F1 generation originating from the cold stored and unstored parental generation. Interestingly, larger offspring individuals developed when the parental generation had experienced a period of low temperature during its pupal stage, whereas ambient temperature during oviposition did not have an influence on offspring weight. Weight as a fitness parameter is important because adult female weight may influence fitness by affecting the searching efficiency, longevity and fecundity of the wasps (Godfray 1994) . The maintenance of all these mentioned parameters on a high level is of crucial importance for the quality of commercially produced natural enemies (van Lenteren and Tommasini 2003) . In H. pallidus, it seems that cold storage elicits a reaction either in the female wasps or in its progeny, leading to an increased offspring weight at high temperatures. This finding documents that this parasitoid does not suffer from short periods of cold storage, but on the contrary even potentially benefits with larger offspring.
Further, the sex ratio of the F1 progeny was not altered when H. pallidus was cold stored as pupa. The strongly female biased sex ratio in this species (Zaviezo and Mills 1999) was maintained. This quality trait in the offspring is particularly important for parasitoid mass production in biological control programs, as only female wasps can attack hosts (Godfray 1994) .
Many studies on cold storage of hymenopteran parasitoids have focused on endoparasitoids, which are stored within their host egg or host larva (Leopold 1998; Bayram et al. 2005; Pandey and Johnson 2005) , whereas ectoparasitoids such as H. pallidus are much more exposed to abiotic factors like low temperatures. However, even if parasitoids are protected within host tissue they often experience detrimental effects due to cold storage (Ozder 2004; Pandey and Johnson 2005) . Our results demonstrate that this ectoparasitoid does not suffer from adverse abiotic factors even if the pupae are not protected during the storage period. Furthermore the pupal stage seems to be well suitable for short-term storage in this species.
Temperature present during oviposition had a marked effect on parasitism. The highest parasitism rate was consistently achieved in both the cold stored and the unstored group, when ambient temperatures during oviposition were around 25°C or higher. Though the exposure time was not the main factor influencing the parasitism success, a clear increase in number of parasitized larvae could be observed with increasing exposure time, especially at low temperatures. This is in agreement with studies on other parasitoids that showed that temperatures around 15°C often have an inhibitory effect on the wasp's parasitism capacity (Torres et al. 2002; Foerster and Butnariu 2004) . Furthermore, Pilkington and Hoddle (2006) described that already moderate changes in climatic conditions, such as changes in temperature, can adversely affect parasitoid populations in a way that their impact on pest populations is drastically reduced. Our results indicate that for H. pallidus ambient temperature is an important abiotic factor that influences the success of the released wasps. Longer exposure time can partially compensate the adverse effect of low ambient temperatures, but temperature remains the key factor for successful parasitism activities. We therefore conclude that H. pallidus is a thermophilous parasitoid with the best performance at a mean ambient temperature of 25°C and above and that temperature is most likely the limiting abiotic factor for the parasitoid's reproductive capacity in the field.
Based on our laboratory experiments, H. pallidus can be cold stored during its pupal stage for up to 14 days without any negative effect on its parasitism rate and reproductive capacity. On the contrary, cold storage can even have a positive effect on its progeny, resulting in larger offspring. Our results further support the hypothesis that the pupal stage might be the overwintering stage of this parasitoid, although further investigations are needed for confirmation. Warm temperatures for field releases in fruit orchards are expected to support parasitism success.
